Ribonucleotide reductase (RNR) catalyzes the rate-limiting step in nucleotide biosynthesis and plays a central role in genome maintenance. Although a number of regulatory mechanisms govern RNR activity, the physiologic effect of RNR deregulation had not previously been examined in an animal model. We show here that overexpression of the small RNR subunit potently and selectively induces lung neoplasms in transgenic mice and is mutagenic in cultured cells. Combining RNR deregulation with defects in DNA mismatch repair, the cellular mutation correction system, synergistically increased RNR-induced mutagenesis and carcinogenesis. Moreover, the proto-oncogene K-ras was identified as a frequent mutational target in RNR-induced lung neoplasms. Together, these results show that RNR deregulation promotes lung carcinogenesis through a mutagenic mechanism and establish a new oncogenic activity for a key regulator of nucleotide metabolism. Importantly, RNR-induced lung neoplasms histopathologically resemble human papillary adenocarcinomas and arise stochastically via a mutagenic mechanism, making RNR transgenic mice a valuable model for lung cancer.
Introduction
An adequate and balanced supply of deoxyribonucleotide triphosphates (dNTP) is essential for accurate DNA replication and repair. The rate limiting step in de novo dNTP biosynthesis is catalyzed by the enzyme ribonucleotide reductase (RNR). RNR reduces ribonucleoside diphosphate (NDP) to deoxyribonucleoside diphosphate, phosphorylation of which yields dNTP. RNR is composed of two nonidentical homodimeric subunits (1) . The large R1 subunit harbors the catalytic site and is encoded by the Rrm1 gene in mammals. The small R2 subunit contains an oxygen-bridged dinuclear iron center that generates a tyrosyl-free radical that is transferred to the R1 subunit for enzyme activity. Mammalian genomes contain two independent genes, Rrm2 and Rrm2b (p53R2), that encode closely related R2 proteins. A complex of Rrm2 and Rrm1 accounts for most RNR activity during S phase. p53R2 was originally identified as a target gene for the p53 tumor suppressor protein and is transcriptionally induced after DNA damage (2, 3) . In addition to its role in stress responses, p53R2 is expressed at low levels throughout the cell cycle and complexes with Rrm1 to produce dNTPs for mitochondrial DNA replication (4) .
Because intracellular nucleotide concentrations have a major effect on DNA replication fidelity (5) , RNR enzyme activity is tightly controlled by several regulatory mechanisms. During an unperturbed cell cycle, the transcription of Rrm1 and Rrm2 is undetectable in G 0 -G 1 phase and reaches maximal levels in S-phase cells (6) (7) (8) . However, owing to its long half-life, Rrm1 protein levels are nearly constant throughout the cell cycle and in excess relative to the R2 subunit. RNR enzyme activity is therefore determined in part by R2 protein levels. Rrm2 protein is absent during G 0 -G 1 phase, peaks in S phase, and then falls in mitosis after ubiquitination by the anaphase promoting complex (8) (9) (10) . Consistent with a need for nucleotides during DNA repair, DNA damage and replication stress induce RNR expression in both yeast and mammalian cells in a manner dependent on DNA damage checkpoint pathways (11, 12) . Whereas mammalian Rrm1 and Rrm2 proteins are cytoplasmic (13) , p53R2 localizes to the nucleus in genotoxin-treated cells (2, 3) , which may facilitate the localized production of nucleotides at DNA damage sites.
RNR enzyme activity is also controlled by two allosteric sites in the R1 subunit. A specificity site regulates the relative cellular concentration of each of the four dNTPs by influencing substrate choice, whereas an activity site regulates the total dNTP pool size by monitoring the ATP/dATP ratio. Analysis of the mutant Rrm1-D57N, which is insensitive to feedback inhibition by dATP due to a mutation in the activity site, indicates that loss of RNR allosteric control results in a mutator phenotype in both yeast and mammalian cells (14) (15) (16) .
Although RNR is a major determinant of genomic integrity, the consequences of RNR deregulation in animals are unknown. We generated transgenic mice that overexpress Rrm1, Rrm2, or p53R2 and found that overexpression of either small RNR subunit induced spontaneous lung neoplasms and was mutagenic in cultured cells. Defects in DNA mismatch repair (MMR) synergistically increased RNR-induced mutagenesis and carcinogenesis, and activating mutations in the proto-oncogene K-ras were identified in lung neoplasms from Rrm2 and p53R2 transgenic mice. These results identify mutagenic and carcinogenic effects of RNR deregulation in vivo.
for 15 to 21 mo. Msh6-null mice (17) were obtained from the Mouse Models of Human Cancers Consortium, bred with Rrm2
Tg or p53R2 Tg mice, and aged until moribund for 6 or 17 mo. All mice were maintained identically, following guidelines approved by the Cornell University Institutional Laboratory Animal Use and Care Committee. Pathologic assessments were performed as described in Supplementary Materials and Methods.
Northern blot analysis. Total RNA was isolated from mouse cells and tissues using RNA STAT-60 (Tel-Test, Inc.), resolved on an agarose/ formaldehyde gel, and hybridized with probes specific to mouse Rrm1, Rrm2, p53R2, or Gapdh.
Western blot analysis. Cell or tissue protein extracts were prepared as described in Supplementary Materials and Methods. The antibodies used were mouse anti-R1 (Bio Med Tek), goat anti-R2 (Santa Cruz Biotechnology), rabbit anti-p53R2 (ProSci-inc), and h-actin (Sigma).
Immunohistochemistry. Immunohistochemical detection of pro-SP-C and CC10 was performed on 5 Am paraffin sections using the Vectastain ABC kit (Vector Laboratories) as described in Supplementary Materials and Methods.
Generation of RNR overexpressing 3T3 cell pools. Pools of mouse NIH/3T3 fibroblasts that overexpress individual RNR genes were generated as described in Supplementary Materials and Methods.
Determination of mutation rates in mammalian and yeast cells. Mutation frequencies were determined in 3T3 cell pools and yeast strains by Hprt mutation and canavanine resistance assays, respectively, as described in Supplementary Materials and Methods.
Big Blue mutation rate assay. Big Blue C57Bl/6 mice, hemizygous for the E shuttle vector, were obtained from Stratagene and bred with Rrm1 Tg , Rrm2
Tg , p53R2
Tg , or Msh6
À/À RNR Tg mice. Mutation frequency in the resulting animals was determined as described in Supplementary Materials and Methods.
Sequencing of K-ras exons 1 and 2. DNA was prepared from tumor specimens isolated by laser microdissection, and K-ras exons 1 and 2 were PCR amplified and sequenced as described in Supplementary Materials and Methods.
Results
Generation of RNR transgenic mice and analysis of transgene expression. Deregulation of RNR is mutagenic in yeast and cultured mammalian cells (14, 16) . To test the consequences of RNR deregulation in an animal model, we set out to generate transgenic mice featuring broad, high-level expression of the individual mouse RNR genes Rrm1, Rrm2, and p53R2, using pCaggs expression constructs that place the RNR genes under the control of chicken h-actin promoter and cytomegalovirus enhancer regulatory sequences. Six Rrm1, two Rrm2, and four p53R2 transgene-positive founders were generated and subsequently maintained on a pure FVB/N strain background. RNR transgenic mice seemed grossly normal and were fertile. When bred with wildtype (WT) mice, p53R2 hemizygotes produced fewer than the expected number of transgene positive offspring (205 p53R2 transgene-positive and 349 transgene-negative mice were identified among 554 mice genotyped at weaning).
Endogenous and transgenic Rrm1, Rrm2, and p53R2 mRNA expression was tested in a variety of organs by Northern blot analysis. The endogenous Rrm1 and Rrm2 genes were coordinately expressed, with highest expression in proliferative tissues, such as testis and thymus (Fig. 1A, left) . Expression of the endogenous p53R2 gene was undetectable in all tested WT FVB tissues. Importantly, Rrm2
Tg and p53R2 Tg mice showed high-level transgene expression in all tissues, with overexpression being highest in muscle (Fig. 1A, right) . Rrm1 overexpression was only observed in muscle and testis of Rrm1 Tg mice. For technical reasons, the Rrm1 transgene included additional noncoding cDNA sequences and was microinjected as a linearized construct without removal of plasmid backbone sequences, which may contribute to the relatively poor transgene expression.
Consistent with results from the Northern blot analyses, immunoblotting revealed that the Rrm2 and p53R2 proteins were highly overexpressed in all tested tissues from Rrm2
Tg and p53R2 Tg mice (Fig. 1B) . Although Northern blotting failed to identify p53R2 expression in WT tissues (Fig. 1A) , low levels of p53R2 protein were apparent in most WT FVB tissues. Rrm1 protein overexpression was limited to muscle and to a lesser extent lung in Rrm1 Tg mice compared with WT littermates. Together, these results establish the restricted overexpression of the large RNR subunit Rrm1 and the widespread, high-level overexpression of the small RNR subunits Rrm2 and p53R2 in transgenic mice.
Overexpression of the small RNR subunit promotes lung carcinogenesis. Tg and p53R2
Tg lines, indicating that transgene integration site effects did not account for the neoplastic phenotype. Signs of clinical illness arose after a latency of 16 to 18 months for all genotypes. No differences in lung neoplasm incidence between sexes were noted for any of the transgenic lines. The frequency of epithelial hyperplasia of alveoli also was increased in p53R2
Tg and especially
Rrm2
Tg mice. Other neoplasms, including papilloma, histiocytic sarcoma, mammary carcinoma, and lymphoblastic lymphoma, were observed in 13% of Rrm1
Tg , 12% of Rrm2 Tg , and 12% of p53R2 Tg mice, but only 2% of transgene-negative mice. The lung neoplasms in Rrm2
Tg and p53R2 Tg mice displayed several features consistent with a substantial lung cancer predisposition. A significantly greater lung neoplasm multiplicity was observed for Rrm2
Tg and p53R2 Tg mice, and the lung neoplasms in Rrm2
Tg mice were also considerably larger than those from control animals ( Table 1 ). The lung neoplasms from Rrm2
Tg and p53R2 Tg mice ranged from adenoma to advanced adenocarcinoma ( Fig. 2A , I-VI) and resembled human glandular pulmonary neoplasms, particularly adenocarcinomas. RNRinduced lung adenocarcinomas were primarily of the papillary subtype and exhibited pleural invasion, heterogeneous growth pattern, nuclear atypia, high mitotic index, and blood vessel invasion ( Fig. 2A , III-VI). A greater frequency of adenocarcinoma was observed in Rrm2
Tg and p53R2 Tg mice compared with Rrm1
Tg or transgene-negative mice (Table 1) , with Rrm2 overexpression, in particular, eliciting pathologically advanced neoplasms. Together, these data indicate that overexpression of either small RNR subunit in mice promotes lung neoplasm formation, with Rrm2 being more potent than p53R2 with respect to tumor size, multiplicity, and malignancy.
To investigate the possible cell type of origin for RNR-induced lung neoplasms, we performed immunohistochemistry using antibodies against Clara cell antigen (CC10) and surfactant apoprotein-C (SP-C), markers that distinguish Clara and alveolar type II cells, respectively. Eight of eight lung neoplasms from Rrm2
Tg and p53R2 Tg mice were positive for SP-C ( Fig. 2A , VII), whereas none was positive for CC10 ( Fig. 2A, VIII) . Adjacent bronchioles, on the other hand, were positive for CC10 and negative for SP-C, as expected. These results suggest that RNRinduced lung neoplasms arose from alveolar type II cells or their progenitors.
To confirm a causative role for RNR overexpression in lung carcinogenesis, we analyzed the expression of Rrm1, Rrm2, and p53R2 in lung neoplasms by Northern ( Tg and p53R2 Tg mice is highly specific. Overall, these data identify a novel oncogenic activity for the small RNR subunit.
Increased mutation frequency after RNR overexpression in cultured 3T3 cells. We hypothesized that RNR overexpression induced lung neoplasms through a mutagenic mechanism, because defects in RNR allosteric control result in increased mutation frequencies in yeast and mammalian cells (14, 16) . To determine if RNR overexpression was similarly mutagenic, we generated Rrm1, Rrm2, or p53R2 overexpressing NIH/3T3 cell pools using the same expression constructs as used to generate the transgenic mice. Overexpression of individual RNR genes in these cell pools was confirmed by Northern and Western blotting ( Fig. 3A and B) .
We then measured mutation frequency using the Hprt mutation detection assay, which identifies cells harboring Hprt mutations by virtue of their resistance to 6-thioguanine (19) . In a representative experiment (Fig. 3C) , a significantly increased mutation frequency was observed in a Rrm2 overexpressing cell pool (9.0 Â 10 À6 ) compared with Rrm1 overexpressing or empty plasmid vector cell pools (<0.7 Â 10 À6 and <0.8 Â 10 À6 , respectively). Three independent Rrm2 overexpressing cell pools showed a consistently increased mutation frequency that was 9.9-fold to 16.0-fold greater than that observed for vector control cells. A p53R2 overexpressing cell pool showed a more modestly, but nevertheless, significantly increased mutation frequency of 3.0 Â 10 À6 (Fig. 3C) . However, mutation frequency in p53R2 overexpressing cells varied, with three p53R2 overexpressing cell pools showing an elevated mutation frequency that was 4.2-fold to 11.2-fold greater than that for vector control cells, whereas two other p53R2 overexpressing cell pools displayed no increase in mutation frequency. Whether this variability is due to differences in expression levels between individual cell pools, or to the fact that the mutation frequencies measured were near the lower end of sensitivity for this assay, has not been determined. However, three independent Rrm1 overexpressing cell pools and another five empty plasmid vector cell pools showed no detectable increase in mutation frequency.
To determine the nature of the mutations conferring 6-thioguanine resistance, we sequenced the Hprt gene from individual colonies (20) . Interestingly, four of seven Hprt mutations from the Rrm2 overexpressing cell pool shown in Fig. 3C were G!T substitutions (Supplementary Table S1 ), which are relatively rare among reported spontaneous Hprt mutations (21) . Similar results were obtained in a separate experiment with an independent Rrm2 overexpressing cell pool (Supplementary Table S1 ). One of six mutations from the p53R2 overexpressing cell pool shown in Fig. 3C also was a G!T mutation, but no G!T mutations were observed among six 6-thioguanine resistant clones from a second independent experiment (Supplementary Table S1 ). Collectively, the results indicate that overexpression of the small RNR subunit causes a mutator phenotype.
Combined defects in RNR regulation and MMR result in synergistic increases in mutagenesis and carcinogenesis. To further evaluate a role for mutagenesis in RNR-induced lung carcinogenesis, we investigated whether combining RNR deregulation with a defect in MMR, the repair system that suppresses mutation accumulation, would cause a synergistic increase in mutagenesis and carcinogenesis. In eukaryotic cells, a complex of Msh2-Msh6 is responsible for recognizing base-base mispairs and single-base insertion/deletions, whereas a Msh2-Msh3 complex detects larger insertion/deletion loops (22) . We first tested this hypothesis in Saccharomyces cerevisiae by measuring the mutation rate by canavanine resistance assay in strains with deregulated RNR activity and mutations in MMR genes. To deregulate budding yeast RNR, we used the rnr1-D57N mutant, in which a singleamino acid change in the R1 activity site makes the enzyme insensitive to feedback inhibition by dATP (16) . Consistent with published reports (14) , rnr1-D57N yeast exhibited a 3.4-fold increase in mutation rate relative to the WT strain, which had a mutation rate of 1.5 Â 10 À7 (Fig. 4A) . MMR-defective strains also displayed elevated mutation rates (msh2D: 28.4-fold; msh3D: 2.9-fold; msh6D: 9.8-fold), similar to previous reports (23) . Notably, rnr1-D57N msh2D and rnr1-D57N msh6D double mutants displayed approximately multiplicative increases in mutation rate relative to the single mutants (61.4-fold and 23.8-fold, respectively). Multiplicative increases in mutagenesis are seen for mutations that affect factors acting in series in a common pathway (24) , suggesting that the Msh2-Msh6 complex corrects DNA mismatches induced by RNR deregulation. By contrast, combining rnr1-D57N with msh3D resulted in only an additive increase in mutation rate (rnr1-D57N msh3D: 3.9-fold). The spectrum of mutations arising in WT nr1-D57N, msh2D, and msh6D strains was consistent with previous publications (14, 23, 25) and included primarily base substitutions, as well as frameshift mutations for msh2D (Supplementary Table S2 ). The frequency of frameshift mutations involving single nucleotide insertions or deletions was substantially increased in rnr1-D57N msh2D and rnr1-D57N msh6D strains relative to the single mutants.
The synergistic effects of RNR deregulation and MMR deficiency on mutation rates in yeast prompted us to further test genetic interactions between RNR and MMR in mice by crossing RNR transgenic mice with Msh6-null mice (17) . If RNR overexpression induces lung carcinogenesis through a mutagenic mechanism, Msh6 deficiency would be predicted to accelerate lung carcinogenesis in RNR transgenic mice. A cohort of Msh6 À/À , Msh6 +/À , or Msh6 +/+ mice that also carried either the Rrm2 or p53R2 transgene was established and examined for survival and cancer susceptibility. Interestingly, the median life span for Msh6 À/À p53R2 Tg mice (136 days) was significantly reduced compared with that of transgene-negative Msh6 À/À mice (258 days; P < 0.05; log-rank test; Fig. 4B ). The reduced survival of Msh6 To determine whether combining RNR overexpression with MMR deficiency would increase mutation frequency in vivo, we analyzed the mutation frequency at the E phage cII locus in lung tissue from 3-month-old RNR Tg mice, with or without Msh6 deficiency, using the Big Blue transgene system (26) . There was no difference in mutation frequency in RNR transgenic (17) . C and D, mutation frequency at the E cII locus in lung (C ) or spleen (D ) tissues from RNR overexpressing and control mice. Genomic DNA was isolated from 3-mo-old mice of the indicated genotypes and packaged into infectious phage. Mutation frequency was determined based on the ratio of the number of mutant phage obtained to the total number of phage analyzed.
mice compared with WT mice (Fig. 4C and ) animals (Fig. 4D  and Supplementary Table S5 ). Together, these results indicate that MMR deficiency synergizes with RNR overexpression in a tissue-specific manner to increase mutagenesis and carcinogenesis.
RNR-induced lung neoplasms display a unique signature of K-ras activating mutations. A mutagenic mechanism implies that RNR overexpression triggers additional genetic alterations while promoting tumor development. Because mutations in codons 12 and 61 of the K-ras proto-oncogene are often observed in human and mouse lung cancers (27, 28) , we examined the frequency of K-ras mutations in microdissected lung neoplasms from the RNR cohort. 100% of Rrm2-induced lung neoplasms and 79% of p53R2-induced lung neoplasms carried K-ras activating mutations (Supplementary Table S6 ), indicating that RNR-induced lung carcinogenesis frequently involves K-ras activating mutations. 56% and 100% of the rare lung neoplasms from transgenenegative control and Rrm1
Tg mice, respectively, also had K-ras mutations.
Sequence analysis revealed that the lung neoplasms from Rrm2
Tg and p53R2 Tg mice exhibited distinct mutation spectra relative to those from transgene-negative and Rrm1
Tg mice (Supplementary Table S7 ). In particular, 50% of the K-ras codon 12 mutations from Rrm2-induced lung neoplasms were G!T transversions (GGT!GTT, G12V), as were 30% of those from p53R2-induced lung neoplasms. By contrast, lung neoplasms from transgene-negative and Rrm1
Tg mice showed exclusively G!A transitions (GGT!GAT, G12D) in K-ras codon 12. We conclude that K-ras activating mutations, common events in lung carcinogenesis, are central to Rrm2-induced and p53R2-induced lung carcinogenesis and arise through a mechanism that seems distinct from that underlying spontaneous lung tumor development in WT animals.
Discussion
RNR enzyme activity has long been positively correlated with cancer cell division (29) , and RNR inhibition is an effective strategy for suppressing tumor proliferation and survival (30) . Yet, investigation of the effects of RNR deregulation in animal models has been incomplete. We report that overexpression of Rrm2 or p53R2 specifically induces lung but not other neoplasms at high frequency in transgenic mice. Previous studies indicated that human RRM2 has transforming activity in cultured cells (31) , whereas p53R2 has been suggested to have tumor suppressor activity based on its regulation by p53 and its role in the DNA damage response (2) . RNR may be an example of a growth regulator that has dual roles both as a tumor suppressor and oncogene. Whereas impaired RNR function can trigger genomic instability by limiting nucleotide availability for DNA replication and repair purposes, RNR hyperactivity may be equally detrimental due to its mutagenic effects. Interestingly, the genomic regions containing human RRM2 (2p25-2p24) and p53R2 (8q23.1) are commonly amplified in human lung cancers (32) (33) (34) (35) , raising the possibility that RNR deregulation might have a causative role in human lung carcinogenesis. Because RNR is a DNA damageinducible enzyme, our results also suggest that increased RNR levels due to chronic DNA damage in the lungs of smokers may contribute to tumor development.
In contrast to Rrm2 Tg and p53R2 Tg mice, Rrm1 Tg mice did not show increased lung carcinogenesis. This might be due to the relatively limited overexpression of the Rrm1 transgene or the fact that the R2 subunit is the limiting component of the enzyme (7, 36) . However, Rrm1 shows tumor suppressor activity both in cultured cells and human lung cancer patients (37) (38) (39) . Consistent with our findings, Rrm1 overexpression in another mouse model also did not result in any overt spontaneous phenotypes and instead was reported to suppress chemical carcinogenesis in the lung (40) . Thus, lung tumor induction might be specific to the small RNR subunit and independent of RNR enzyme activity. We determined that RNR-induced lung tumorigenesis proceeded through a mutagenic mechanism. Overexpression of Rrm2 or p53R2, but not Rrm1, in 3T3 cells resulted in a significant increase in mutation frequency. Additional experiments in budding yeast indicated that MMR normally corrects base mispairs that arise due to RNR deregulation, as multiplicative increases in mutation rate were observed when the allosteric site mutant rnr1-D57N was combined with MMR gene mutations. A similar genetic interaction between RNR and MMR was observed in mice. Msh6-null mice develop primarily lymphoma (17) 
Rrm2
Tg mice was associated with increased mutation frequency in lung tissue, whereas the accelerated lymphomagenesis in Msh6
Tg mice correlated with a modestly elevated mutation frequency in spleen tissue. The synergy observed between these pathways raises the possibility that aberrant RNR expression may be selected for in MMRdeficient cancers.
A key question arising from this study is the molecular basis for mutagenesis and lung tumor induction by Rrm2 and p53R2 overexpression. One possibility is that increased RNR expression leads to dNTP level alterations that impair replication fidelity and trigger mutations in growth regulatory genes. Abnormal nucleotide levels result in increased base misinsertion during DNA replication, as well as decreased proof-reading due to enhanced polymerization rates (5) . Consistent with the notion that regulators of nucleotide biosynthesis can influence cell transformation, overexpression of another enzyme involved in dNTP biosynthesis, thymidylate synthase, transforms cultured cells (41) and promotes tumor formation in transgenic mice (42) .
Alternatively, carcinogenesis due to R2 subunit overexpression could be independent of nucleotide metabolism. One possibility is that free radical production by Rrm2 and p53R2 contributes to cell transformation. During each catalytic cycle the small RNR subunit generates a tyrosyl radical that normally is transferred to the active site in Rrm1 for use in NDP reduction (1) . R2 protein overexpression might lead to increased radical generation and the formation of reactive oxygen species (ROS), which cause oxidative DNA damage and are mutagenic. ROS also have mitogenic effects and can play a direct role in neoplastic transformation (43) . Notably, human RRM2 protein generates ROS in vitro, although recombinant p53R2 was reported in the same study to have antioxidant activity, despite the fact that both RRM2 and p53R2 generate tyrosyl-free radicals (44) . G!T transversions, a signature of oxidative DNA damage, were detected at K-Ras codon 12 in lung neoplasms from Rrm2 Tg and p53R2
Tg mice, and also at the Hprt locus in Rrm2 and p53R2 overexpressing 3T3 cells. Because MMR corrects mismatches arising from both replication errors (22) and oxidative DNA damage (45) , the multiplicative increases in mutagenesis and carcinogenesis observed when combining RNR overexpression with MMR deficiency are compatible with both dNTP level alterations and increased ROS production as possible mechanisms of action.
The possibility that R2 subunit overexpression induces mutagenesis and tumorigenesis through excessive free radical production may account for the observation that RNR transgenic mice, despite broad RNR overexpression, develop lung but not other neoplasms at high frequency. The lung is an oxygen-rich environment with a high basal level of ROS (46) and thus may be more susceptible to increased free radical production. Alternatively, it could be that the mutational targets of RNR dictate the tissue specificity. Indeed, activated K-ras preferentially induces lung neoplasms in mice (47) . Other more trivial explanations for the lung-specific carcinogenesis, such as subtle transgene expression level differences or varying DNA repair efficiencies among tissues, also cannot be ruled out.
Although Rrm2 and p53R2 encode related R2 proteins, they did not give identical results in our experiments. Whereas overexpression of either was capable of inducing lung neoplasms, Rrm2 overexpression elicited larger and more malignant tumors. p53R2 overexpression, on the other hand, significantly accelerated lymphomagenesis in Msh6-null mice, suggesting a broad effect of p53R2 overexpression. Rrm2 also was more mutagenic than p53R2 in cultured cells and induced a greater proportion of G!T transversions in both the Hprt and K-ras genes. One possible explanation for the partially distinct phenotypes associated with Rrm2 and p53R2 is that both dNTP alterations and ROS production can contribute to neoplastic transformation and that these activities differ between Rrm2 and p53R2. The distinct subcellular localizations of Rrm2 and p53R2 (2, 3, 13) could contribute to such differing effects on dNTP biosynthesis or ROS production.
Mouse models hold great promise for facilitating the development of diagnostic tools, prognostic markers, and therapeutics for lung cancer, the leading cause of cancer death world-wide. Like human lung adenocarcinomas (48), the RNR-induced lung neoplasms expressed SP-C, a marker of type II alveolar cells. Furthermore, RNR-induced lung neoplasms arose with moderate latency in a stochastic process associated with an elevated mutation rate, suggesting that this may be a particularly authentic model for lung cancer. A mutagenic mechanism for RNR-induced lung carcinogenesis implies that several genetic alterations are required for lung carcinogenesis. Consistent with this model, we observed activating K-ras mutations at very high frequency in RNR-induced lung neoplasms. K-ras has been reported to be mutated in 90% of mouse lung neoplasms and as many as 25% of human lung adenocarcinomas (27, 28) . That G!T transversions in K-ras codon 12 were detected in RNR-induced lung neoplasms further validates this lung cancer model, as G!T transversions are the most common mutations at K-ras codon 12 in human lung cancers and correlate with a poorer prognosis (49, 50) . Continued use of the RNR lung cancer model has great potential for revealing additional genetic alterations that contribute to lung tumor initiation and progression.
